The Hengduan Mountains (HDM, approximately 600 thousands km^2^) in China is a region located on the eastern and southern edges of the Qinghai Tibetan Plateau (QHTP) and is ranked as one of the world's biodiversity hotspot. These mountains exhibit prominent altitudinal variations (1000--6000 m) and represent one of the most geologically and ecologically diverse areas in the world[@b1]. This region acts as both a cradle and museum of plant and animal diversity[@b1][@b2]. It holds more than one-half of the extant species of mammals, birds and freshwater fishes in China[@b3][@b4][@b5][@b6]. The remarkable biodiversity of the HDM is largely the result of low extinction rates over the past few million years[@b7][@b8]. Due to the differentiation of living organisms, the eastern and southern regions of the HDM are considered to have been isolated refuges during glacial or interglacial periods at different historical time points of the late Quaternary[@b9][@b10][@b11]. Understanding the underlying mechanisms that maintain the long-term persistence of high species diversity and endemism in this region is now a crucial issue in evolutionary biology.

The fauna of the HDM includes a large number of endemic large mammals, such as the giant panda (*Ailuropoda melanoleuca*), the Asian elephant (*Elephas maximus*) and the Sichuan snub-nosed monkey (*Rhinopithecus roxellana*), which were the most common members of the "*Ailuropoda-Stegodon* fauna", widely distributed in southern China during the middle to late Quaternary[@b12][@b13][@b14][@b15]. The dramatic population contraction and range shift of these large mammals are now the focus of recent research and conservation activities in China and worldwide[@b16][@b17][@b18][@b19][@b20]. Despite the fierce controversy that has persisted for decades, climate changes and the massive growth in human populations are generally considered to be the major causes of the dramatic population contraction and range shift of large mammals in the past two millennia[@b16][@b21][@b22]. However, very little attention has been paid to the evolutionary dynamics of endemic small mammals, which play crucial roles in terrestrial ecosystems. Detailed studies of their phylogenetic structure and demographic history may shed light on the historical environmental conditions that have allowed the long-term persistence of high species diversity and endemism in the HDM.

Tectonic movements play important roles in changing the temporal and spatial patterns of species abundance and diversity[@b23][@b24]. Moreover, climate fluctuations during the Quaternary are considered to be the major events that promoted evolutionary succession, shaped genetic and geographic structure, and influenced the demographic dynamics of organisms in different regions of the world[@b25][@b26][@b27]. It has been reported that these climatic oscillations not only caused the massive extinction of mammalian megafauna but also promoted diversity loss in small mammals[@b28][@b29]. Several studies have emphasized that smaller-bodied species were more likely to exhibit range contraction and elevational increase during climatic changes[@b30][@b31]. However, a recent study indicated that small mammals can behaviourally escape climate change[@b32]. This point of view is likely supported by the HDM of China. For example, Chevrier's field mouse (*Apodemus chevrieri*)[@b33], the Sichuan field mouse (*A. latronum*) and Irene's mountain vole (*Neodon irene*)[@b34] from this region have shown relatively stable demographic dynamics through the climatic fluctuations of the Quaternary. However, it is unclear how these montane small mammal species maintained stable population size when their contemporaries and congeneric species in other regoins of the world were undergoing dramatic population dynamics, such as the rapid population expansion of two Japanese wood mouse species, *A. argenteus* and *A. speciosus*[@b35].

The rat genus *Niviventer* is one of the dominant taxa in the local mammal communities in southern China. The *N. andersoni* species complex (NASC) in this genus includes two nominated species, *N. excelsior* and *N. andersoni*, both of which are highly adapted to middle to high elevations[@b36][@b37]. Their distribution is primarily confined to the HDM, with fragmented populations in nearby mountains, such as Qinling and Shennongjia[@b37]. Misidentifications within the genus *Niviventer* are common in the recent literature and museum collections[@b37][@b38][@b39][@b40][@b41][@b42][@b43]. However, the entire NASC can be easily distinguished from congeneric species based on their larger body size compared with those of other species within *Niviventer*. In addition, the mandibular teeth rows are more than 7 mm long, and the last one-third of the tail is white[@b5][@b37]. These characteristics make it feasible to distinguish this species complex from other congeneric species, not only using specimens from extant populations but also using materials from fossil sites. In addition, the NASC appears to be a well-supported monophyletic clade in molecular systematics[@b36][@b39][@b40][@b41][@b42][@b43][@b44]. It is unclear how the overall phylogenetic structure, distribution range and demographic dynamics of the NASC have responded to historical environmental changes.

To characterize the responses of animals to Quaternary climatic fluctuations[@b45], a classic paradigm of glacial range contraction and interglacial range expansion of temperate species, called the "expansion--contraction" model[@b46], has been proposed. However, alpine and arctic species show a higher tolerance for cold environments, which has allowed them to maintain a wider range of suitable habitats and sustain a larger population during the cooling of glacials, where as significant range contraction and population decline occurred during the interglacials. Furthermore, this series of events has also been predicted to occur in future periods of global warming[@b47][@b48]. This pattern has only been found in a few extant mammal species, such as the American pika (*Ochotona princeps*)[@b49][@b50][@b51], the Holarctic northern red-backed vole (*Myodes rutilus*)[@b52], and the Anatolian ground squirrel (*Spermophilus xanthoprymnus*)[@b53].

Based on the body size, lifestyle and distribution characteristics of the NASC, we proposed the following hypotheses. Hypothesis 1: Several studies have indicated that biological or ecological features of small mammal are closely linked to changes in climate[@b30][@b31]. During climate warming, the habitats of the NASC shifted upward, and the area of suitable habitat probably contracted dramatically. However, during climate cooling, the habitats of these species will shifted downward, and the area of suitable habitat increased, likely leading to population expansion of these small mammals. Hypothesis 2: Small mammals are less likely than large mammals to respond to climate change[@b32]. The environmental change that drove the local extinction and population contraction of larger mammals in the HDM may have not significantly influenced the NASC, allowing the distribution range and demographic dynamics of this species complex to remain stable in different historical periods. However, species with higher elevation ranges are more likely to respond to climate changes[@b32]. The alpine inhabitant, *N. excelsior*, probably experienced more prominent range shifts and demographic fluctuations than its sister species, *N. andersoni* (a mid-high altitude inhabitant), during the climatic oscillations in the late Quaternary.

In the present study, we integrated fossil records with recent collection records ([Fig. 1](#f1){ref-type="fig"}) of the NASC ([Fig. 2A](#f2){ref-type="fig"}) and explored the phylogenetic structure and demographic history of this species complex based on three mitochondrial DNA fragments (Cytochrome b, CytB; Cytochrome oxidase subunit I, COI; the D-loop sequence, D-loop) and one nuclear fragment (the first exon of the interphotoreceptor retinoid binding protein gene, IRBP). Through these analyses, we sought to understand the evolutionary process of the NASC and reveal the underlying mechanisms that have allowed the long-term existence of high species diversity and endemism in the HDM.

Results
=======

Fossil occurrences of the NASC
------------------------------

Compiling the fossil records of the NASC revealed 18 occurrences in southern China and one occurrence in Vietnam ([Table S1](#S1){ref-type="supplementary-material"}). The earliest fossils of the NASC were unearthed from Lugupo, Wushan County, Chongqing, China, and are dated to the Tianqiao Period[@b54]. This location is much farther south than the distribution centre of the extant populations ([Fig. 1](#f1){ref-type="fig"}). Two other early fossil records were unearthed from Tiaoqiaoliexi, Weining, Guizhou and Boyue Mountain, Chongzuo, Guangxi ([Fig. 1](#f1){ref-type="fig"} and [Table S1](#S1){ref-type="supplementary-material"}). The largest number of fossil collections of the NASC were recorded from Pingba (Minimum number of individuals, MNI = 110) and Longgupo (MNI = 104) in Chongqing, China[@b54] ([Table S1](#S1){ref-type="supplementary-material"}). The available elevation records of these fossil sites ranged from 206 to 2000 m ([Table S1](#S1){ref-type="supplementary-material"}). Most fossils of the NASC were from the Geleshan period ([Fig. 1](#f1){ref-type="fig"}). These sites constitute the so-called "*Ailuropoda-Stegodon* fauna" and are well known for the occurrence of panda and stegodon, large mammals widely distributed in southern China during the Quaternary[@b55][@b56]. Four species of the genus *Niviventer* occurred in these sites: *N. fulvescens, N. confucianus, N. preconfucianus* and *N. andersoni*[@b54]. Notably, no fossils of the NASC have been found in the HDM. However, few fossil sites have been unearthed in this area. The fossils of the NASC in southern China were primarily unearthed from lower elevations; however, their current distribution is confined to higher mountains in south-western China ([Fig. 1](#f1){ref-type="fig"}).

Phylogenetic structure
----------------------

In the Bayesian phylogenetic analyses of four DNA fragments, we identified two major clades ([Fig. 2B](#f2){ref-type="fig"}). The overall structure was consistent with the current recognition of *N. excelsior* (=Clade a) and *N. andersoni* (=Clade b). *N. excelsior* included two lineages (1, 2): the first lineage was mainly from Yunnan and south-eastern Tibet, whereas the second lineage was from south-western Sichuan, mainly located at higher elevations. The phylogenetic structure within *N. andersoni* was similar to that of *N. excelsior*. The first lineage was from Yunnan and south-eastern Tibet (3). The second lineage was mainly from Sichuan. This Sichuan lineage was generally divided into the southern sub-lineage (4) and the northern sub-lineage (5) ([Fig. 2C](#f2){ref-type="fig"}). This pattern indicated the parallel diversification of these two species in the HDM.

Ninety sequences of CytB revealed 46 haplotypes, which were defined by 217 polymorphic sites. The overall nucleotide diversity was 0.0354, with a haplotype diversity of 0.977. The genetic diversity of three mitochondrial DNA fragments is given in [Table 1](#t1){ref-type="table"}. The median-joining networks of CytB showed a prominent phylogeographic structure ([Fig. 2D](#f2){ref-type="fig"}). Nuclear sequences contain ambiguous sites; therefore, we phased these sequences before conducting detailed analyses in DnaSP v5[@b57]. Thirty-eight haplotypes were identified from IRBP ([Fig. 2E](#f2){ref-type="fig"}), with very good phylogenetic structure, albeit with some inconsistency with the mtDNA clades.

Divergence time among genetic lineages
--------------------------------------

Molecular dating based on the concatenated dataset of the four DNA fragments ([Fig. 3](#f3){ref-type="fig"}) revealed that the deepest divergence time within the NASC dated to approximately 2.71 Mya (3.70--1.90 as 95% HPD). The divergence time of lineages 1 and 2 within *N. excelsior* was dated to approximately 1.40 Mya (0.91--2.00 as 95% HPD). The divergence time of lineages 3--5 within *N. andersoni* was dated to approximately 1.98 Mya (2.77--1.30 as 95% HPD). The divergence time of lineages 4 and 5 was dated to approximately 0.90 Mya (1.36--0.54 as 95% HPD).

Range shifts and demographic history
------------------------------------

For both clades (a and b) and all five lineages (1--5) recovered in the Bayesian analyses, Fu's Fs test resulted in low values with insignificant support, and Tajima's D showed non-significant negative values for all mitochondrial regions ([Table 1](#t1){ref-type="table"}). The mismatch distributions for lineages showed a multimodal pattern, suggestive of demographic equilibrium and stable populations ([Fig. 4A--E](#f4){ref-type="fig"}) with non-significant values for both the sum of the square deviation and raggedness index ([Table 1](#t1){ref-type="table"}). The EBSP results also demonstrated relatively stable population dynamics in clades a and b. A slight trend of recent population decline was identified in the lineage of Yunnan/SE Tibet in *N. andersoni* ([Fig. 4F](#f4){ref-type="fig"}).

Morphological variation of voucher specimens and taxonomic implication
----------------------------------------------------------------------

According to collection records of 38 adult voucher specimens, the values for body weight (BW), head and body length (HBL), tail length (TL), hind foot length (HFL) and ear length (EL) of *N. andersoni* were similar to the original description for the holotype of *N. andersoni* (BMNH 11.2.1.135); the HBL (178 mm) for the original description of *N. excelsior* is considerably larger than that of molecular voucher specimens, which had values from 121 to 145 mm ([Table 2](#t2){ref-type="table"}). However, according to the original collection records of the holotype (BMNH, 11.2.1.131), the handwriting "148" likely was misidentified as "178" by Thomas[@b58]. Museum specimens with general measurements and skull morphology that fell well outside those of molecular vouchers and holotypes were excluded in the subsequent ecological niche modelling.

Ecological niche modelling
--------------------------

Under the modelled climatic conditions of the Last Interglacial (LIG), the suitable habitat of *N. excelsior* prominently contracted ([Fig. 5A](#f5){ref-type="fig"}). A dominant trend of westward and northward expansion since the Last Glacial Maximum (LGM) ([Fig. 5A](#f5){ref-type="fig"}). The pattern of the mid-Holocene was extremely similar to the present condition and hence is not shown in [Fig. 5](#f5){ref-type="fig"}. The range of *N. excelsior* is predicted to contract substantially in the future ([Fig. 5B](#f5){ref-type="fig"}). In contrast to *N. excelsior, N. andersoni* showed less range shifts in different historical periods ([Fig. 5C,D](#f5){ref-type="fig"}). The ENM results revealed that the historical range shift of the whole NASC primarily occurred in the north-eastern, north-western and south-eastern HDM ([Fig. 5E,F](#f5){ref-type="fig"}). The average test of AUC for the replicate runs was greater than 0.97 for all five periods, confirming the excellent predictive power of the models. The binomial probabilities (\<0.001) for eleven common thresholds indicated that our predictions were significantly better than those of a random model.

The average elevation of *N. excelsior* was modelled to be the highest in the future (3424.25 ± 1200.84 m) and lowest during the LGM (2927.75 ± 1499.22 m) ([Table 3](#t3){ref-type="table"}). Additionally, the area of the potential habitats of this species was smallest in area during the LIG (about 506, 400 km^2^). During future warming (8.96 ± 6.25 C), *N. excelsior* is predicted to suffer prominent range contraction again (approximately 669, 100 km^2^) ([Table 3](#t3){ref-type="table"}). This pattern is comparable to that of typical alpine and Holarctic species. However, the central and southern regions of the HDM were identified as highly suitable habitats throughout all of the different historical periods. The average elevation of *N. andersoni* was highest during the future climate warming (2894.67 ± 1257.17 m) and lowest during the coldest LGM (2679.52 ± 1318.84 m), and its potential habitat was smallest during future warming (777, 200 km^2^) ([Table 3](#t3){ref-type="table"}). Interestingly, the potential range of the whole NASC showed little variation in either area or elevation through the late Quaternary ([Table 3](#t3){ref-type="table"}).

Discussion
==========

Phylogeographic structure and divergence time of the NASC
---------------------------------------------------------

In the present study, we found high levels of genetic diversity and clear patterns of phylogeographic structure in the NASC ([Fig. 2B](#f2){ref-type="fig"}). Early diverged lineages of both of these two species were from Yunnan and Tibet ([Fig. 2B](#f2){ref-type="fig"}). The earliest branches of both clades showed longitudinal dispersal in the contact regions of the QHTP and the HDM ([Fig. 2C](#f2){ref-type="fig"}), particularly at the boundary between Yunnan and Tibet (lineage 1 in *N. excelsior* and lineage 3 in *N. andersoni*). The lineages from Yunnan/southeast Tibet (SE Tibet) and Sichuan were primarily separated by the Yangtze River. Within *N. andersoni*, lineage 4 from Southwest Sichuan (SW Sichuan) was confined to the Qionglai and Daxiangling Mountains, whereas the NE Sichuan lineage 5 extended from Minshan to Qinling. Interestingly, both *N. excelsior* and *N. andersoni* showed trends of northward expansion in geographical evolution. According to the distribution of these genetic lineages, we concluded that the mountain system probably shaped the geographic pattern of this species complex. This pattern is commonly recognized in alpine small mammals, such as pikas[@b49] and chipmunks[@b59]. The upstream area of the Yangtze River (Jinsha River) contributed to the geographic structure of both clades. However, the isolation effect of this river is weakened by seasonal climate changes in which its upper stream is covered by ice in winter, as demonstrated by the presence of lineages 2 and 3 at both sides of the Jinsha River ([Fig. 2B](#f2){ref-type="fig"}).

Previous studies revealed the divergence time of the *Niviventer* started in the late Miocene[@b36][@b44]. According to the molecular dating in the present study, the NASC probably originated during the transition of the late Pliocene to early Pleistocene around 2.71 Mya, approximately the same time that the average amplitude of global climate oscillations increased to 41-ka climate cycles[@b60][@b61]. For mid-high altitude species, climate warming could promote genetic isolation between different mountain systems, followed by specialization in local habitats. Subsequent climate cooling likely drove the NASC to climb down these mountains and allowed them to disperse and hybridize at lower altitudes. The divergence times of lineages 1 and 2 and lineages 3, 4, and 5 were dated back to 1.40 and 1.98 Mya, respectively. This divergence is probably attributable to geographic diversification after expansion. During this period, the upstream portion of the Yangtze River became the major geographic barrier between the lineages of Yunnan/SE Tibet and Sichuan. The divergence time of SE Sichuan and NE Sichuan was dated to approximately 0.90 Mya, during the Mid-Pleistocene transition, when the low-amplitude 41-ka climate cycles of the earlier Pleistocene were replaced by the high-amplitude 100-ka cycles of the Middle and Late Pleistocene[@b61]. This transition, known as the 'mid-Pleistocene revolution[@b62][@b63], most likely promoted environmental heterogenization in SE and NE Sichuan, and then induced genetic differentiation between lineage 4 and 5.

Range shifts of the NASC
------------------------

The NASC probably thrived from the early Pleistocene, when southern China was dominated by a wet climate, and the "*Ailuropoda-Stegodon* fauna" was well developed in heavily forested regions[@b64]. During this period, the sub-tropical mixed deciduous broad-leaved and coniferous forest, the preferred vegetation of the NASC, was widely distributed in southern China[@b64][@b65]. The multiple instances of northward expansion of temperate species during warm periods alternated with the southward expansion of alpine species during cold periods[@b55]. During the late Pleistocene, large mammals of the "*Ailiropoda-Stegodon* fauna" showed a prominent population decline, as documented by fossils and genomic data[@b66][@b67]. This population decline occurred at approximately the same time as the two largest Pleistocene glaciations in China, the Naynayxungla Glaciation (0.78--0.50 Mya) and the Penultimate Glaciation (0.30--0.13 Mya)[@b68][@b69]. Most fossil records of the NASC have been dated to the Penultimate Glaciation, during the Geleshan Period (0.45--0.13 Mya)[@b54], which implies a slight range expansion of this species complex from the HDM to nearby mountainous regions, such as Guizhou and Chongqing ([Fig. 1](#f1){ref-type="fig"}). However, the accuracy of assigning specimens from northern Vietnam, Guangxi and Anhui in China to the NASC ([Table S1](#S1){ref-type="supplementary-material"})[@b70][@b71][@b72] requires further investigations.

According to the ENM results, the potential habitat of *N. excelsior* contracted into the central and south-eastern areas of the HDM during the last interglacial, approximately 0.13--0.075 Mya, ([Fig. 5A](#f5){ref-type="fig"}). This contraction can be attributed to a warm climate ([Table 3](#t3){ref-type="table"}), which likely forced this species to shift to higher habitats. Pollen-based quantitative precipitation reconstruction in northern China revealed a gradual intensification of monsoons from 0.14--0.07 Mya. This climate change induced a dramatic decrease in precipitation and an abrupt change in vegetation in northern China[@b73][@b74]. This type of environment is unfavourable for herbaceous plants, which were important food resources for alpine small mammals, and most likely resulted in a range contraction of *N. excelsior*. By contrast, the range of *N. excelsior* expanded with a clear trend of westward extension to the edge of the southwestern QHTP- Himalaya region during the LGM (\~0.025 Mya). This expansion may be attributable to a cooler climate that drove *N. excelsior* to low altitude and allowed it to expand to nearby regions. In contrast to *N. excelsior*, the range of *N. andersoni* was larger in the LIG than in the LGM, mainly in the northern Hengduan Mountain and the regions around the southern Sichuan Basin in Guizhou and Chongqing. The potential range of *N. andersoni* slightly contracted in the LGM with westward expansion in the Himalaya mountains. However, future climate warming will reduce the potential ranges of both species.

Compared with the northern and western HDM, large areas of the central and southern regions of the HDM likely were less affected by the Quaternary climatic fluctuations, and remained as highly suitable habitats for both species. These regions were characterized by the establishment of warmer, wetter and perhaps more seasonal conditions during the transition from the Pleistocene to Holocene[@b75], during which a high level of plant diversity was preserved[@b1][@b76]. These high mountains and deep valleys weakened the influence of extreme climate changes and also bridged range shifts of small mammals during climatic oscillations. The overall range of the NASC showed relatively less variation compared with other montane small mammals in Europe and North America.

Demographic dynamics of the NASC
--------------------------------

Overall, climatic changes through the Quaternary did not significantly affect the population size of the NASC. These climate changes also had much less impact on the population size of *N. andersoni* than on *N. excelsior*. This finding is in agreement with hypothesis 2: the middle-high altitudes species complex NASC was not significantly affected by the Quaternary environmental changes. Species within the genera *Niviventer* not only live on the forest floor but also are highly adapted climbers and thus have a wide range of available resources in the forest. According to the resource-use hypothesis, during episodes of climate triggered habitat change, specialists are more prone to suffer from resource limitation[@b77]. Consequently, specialists are more susceptible to habitat fragmentation, vicariance, directional selection and extinction. Since environmental changes have stronger effects on biome specialists than on generalist species, which can find resources in different biomes, specialists are predicted to have higher speciation and extinction rates than generalist[@b78]. Occurrence data for the NASC showed that *N. andersoni* has a wider elevational range than *N. excelsior* ([Table S2](#S1){ref-type="supplementary-material"}). During the recurrent environmental extremes, *N. excelsior* likely had higher rates of resource limitation and population decline than did *N. andersoni*.

Generally speaking, the value of MAT for the potential habitats of the whole NASC at the LGM was only 2--4 °C lower than the present conditions ([Table 3](#t3){ref-type="table"}), considerably weaker than the average deviation (5--9.6 °C) at the global scale[@b79][@b80]. This change corresponded to an elevation shift of less than 1000 m, which would be readily accommodated by a mid-high altitude montane small mammals, such as *N. andersoni* in the central and southern HDM, but less readily by high-elevation species, such as *N. excelsior*. The mean annual temperature in the potential habitats of the NASC in the LGM was approximately 1.55 °C lower than in the LIG and approximately 4.28 °C lower than under present conditions ([Table 3](#t3){ref-type="table"}). The mean annual precipitation in the potential habitats of the NASC in the LGM and LIG were slightly lower than under present conditions ([Table 3](#t3){ref-type="table"}), but these changes appear to have mainly affected the marginal region of the HDM. The central and southern regions were less affected by these environmental changes. The stability of historical environmental conditions in the HDM is an important contributor to the stable demographic history of mid-high altitude small mammals such as *N. andersoni*. These results also shed light on the high diversity of pikas (Lagomorpha: *Ochotona*), another group of alpine specialists surviving in HDM and nearby regions, whereas congeneric species in other regions of the world suffered widespread extintion or dramatic population contraction[@b49][@b50][@b51]. These stable historical enviromental conditions are also likely one of the major reasons for the long-term persistence of high species diversity and endemism in this region.

The recent population decline of the NASC in Yunnan and south-eastern Tibet revealed by the EBSP results highlights a trend towards environmental change in this region, including deforestation and habitat fragmentation caused by changes in land usages. Moreover, human populations in southern China have increased rapidly in the past two millennia[@b81] and have likely influenced the range and population sizes of local montane mammals, such as the NASC. Moreover, the ENM results for future time periods demonstrated a clear trend of range contraction and habitat fragmentation in the central HDM. Prominent warming (more than 3 °C higher than present conditions) is predicted in the habitats of the NASC. Differentiation of the eastern and western regions of the HDM will become more prominent. Multiple fragmented populations in the marginal regions of the HDM probably will suffer population decline. These changes will present further challenges for biodiversity conservation in this region.

Conclusions
===========

The demographic history of the NASC is relatively stable, which may be attributable to moderate environmental changes in the central and southern regions of the HDM through the late Quaternary. The stable demographic history and the high suitability of the central and southern HDM can be partially attributed to moderate environmental fluctuations, as indicated by the relatively low amplitude of changes in temperature and precipitation in the HDM. Moreover, although the NASC is subjected to elevational limitations, these omnivores have relatively wider forage selection in forests, further allowing them to survive during extreme climatic transitions. We posit that these conditions, together with the striking geological heterogeneity of the HDM, are the chief factors underpinning the long-term persistence of high species biodiversity and endemism in this region. The influence of Holocene climatic oscillations on the demographic history of local fauna in the HDM likely was more prominent in alpine species compared with mid-high altitude species. However, the acceleration of climate changes in the future will likely affect the evolution dynamics of both species.

Materials and Methods
=====================

Occurrence data and molecular sampling
--------------------------------------

To explore the historical range of changes in the NASC, we categorized their occurrence into three groups: fossil records, museum collections and recent collections for molecular studies. All experimental protocols were approved by the Animal Care and Use Committee of the Institute of Zoology, Chinese Academy of Sciences.

For fossil records, we compiled the fossil locations of the NASC ([Table S1](#S1){ref-type="supplementary-material"} and [supplementary references](#S1){ref-type="supplementary-material"}). The information was obtained from the Paleobiology Database (<http://paleodb.org/cgi-bin/bridge.pl>) and the National Infrastructure of Mineral Rock and Fossil Resources for Science and Technology of China (<http://www.nimrf.net.cn/>). We also searched zoological records from 1864 to 2015 (<http://apps.webofknowledge.com/>) and conducted an extensive search of the original literature. The Quaternary rodents of Sichuan and Guizhou supports the recognition of five periods: Taimiao (2.6--1.8 Mya), Tianqiao (1.8--1.1 Mya), Yanjingou I (1.1--0.45 Mya), Geleshan (0.45--0.13 Mya), and Yanjingou II (0.13--0.01 Mya)[@b54]. The relative abundance of fossils from each sites were quatified by the minimum number of individuals (MNI)[@b82], a method commonly used in vertebrate palaeontology.

The information from museum collections of recent populations included data from the Natural History Museum in London (NHM); the Institute of Zoology, Chinese Academy of Sciences (IOZCAS); and the Kunming Institute of Zoology, Chinese Academy of Sciences (KMIOZCAS; partially available at <http://www.kiz.cas.cn/zyfw/kxsjk/xndq/>). Additionally, the information collected from specimens studied by Musser[@b83] and provided by the Global Biodiversity Information Facility (<http://www.gbif.org/>) was included.

Recent occurrences of the genus *Niviventer* in China were verified by extensive sampling of murids, recently carried out by IOZCAS, and the National Institute for Communicable Disease Control and Prevention, Chinese Center for Disease Control and Prevention (ICDC). In total, approximately 2500 individuals of the genus *Niviventer* were collected. The proportion of the NASC counted by number of individuals within the mammal communities was quite low. After the exclusion of mistaken identifications of data from GenBank, a total of 99 isolates from 28 locations were identified as the NASC ([Fig. 1](#f1){ref-type="fig"}, [Table S2](#S1){ref-type="supplementary-material"}).

DNA sequencing
--------------

Total genomic DNA was isolated from muscle or liver tissues using the Easy Pure Genomic DNA Kit (Transgene Biotech, Beijing, China). Three mitochondrial markers (CytB, COI, and D-loop) and one nuclear marker (IRBP) were amplified. The primers and their primary references are the same as those used in previous studies[@b36][@b84][@b85][@b86][@b87]. The amplifications were carried out in 25-μL reactions containing approximately 25 ng of extracted DNA (approximately 1 μL), 12.5 μL polymerase chain reaction (PCR) mix (containing 200 μM of each dNTP, 0.2 μM of each primer, and 0.75 unit of LA *Taq* polymerase), and 10.5 μL dd H~2~O. The sequencing primers were the same as those used in the amplifications. All PCR products were directly sequenced in both directions with an ABi 3100 automatic sequencer (Applied Biosystems, Foster City, California, USA) using the ABi PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit with AmpliTaq DNA polymerase (Applied Biosystems, Foster City, California, USA).

Phylogenetic analysis and genetic diversity
-------------------------------------------

We appended the new data generated in the present study to those used in our previous study and data from GenBank[@b36][@b40][@b41][@b42][@b43][@b88] and reconstructed a phylogenetic tree using CytB and the concatenated sequences of the four DNA fragments. The sequences were aligned with ClustalW[@b89] as implemented in MEGA[@b90]. We determined the substitution models of each codon position of CytB, COI and IRBP, and the whole sequence of the D-loop using Modelgenerator V 851[@b91]. Bayesian tree searches were performed under partitioned models in the parallel version of MrBayes 3.2.2[@b92]. We performed four independent runs of these datasets, with two cold and two heated Markov chains of five million generations. The trees were sampled every 1000 steps, and the first 25% of the trees was discarded as burn-in. Convergence was monitored using the standard deviation of split frequencies, and the sufficiency of sampling was checked using Tracer v 1.5[@b93].

We analysed the genetic diversity of the NASC using three fragments of mitochondrial DNA. We calculated the nucleotide diversity (pi), the number of haplotypes (h) and the haplotype diversity (hd) based on the major phylogenetic lineages recovered in the above Bayesian analyses. These analyses were conducted in DnaSP v5[@b57]. Moreover, to infer the intraspecific phylogeny among haplotypes, the median-joining network of haplotypes for CytB and the phased IRBP was generated using the median-joining algorithm in NETWORK 4.6.1.1[@b94]. Nuclear sequences contain a large number of ambiguous sites; we phased these sites before submitting them to reconstruct the network relationship among haplotypes. We used the maximum parsimony option to remove excess links and median vectors[@b95].

Demographic analysis
--------------------

We used multiple approaches to estimate the demographic dynamics of the NASC. First, we calculated Tajima's *D*[@b96] and Fu's F statistics[@b97] (with 10,000 permutations) to test the neutral equilibrium model of the evolution of major lineages. Significant and large negative values of Tajima's D and F are indicative of population expansion, whereas positive values for these tests indicate a decrease in population size. For each test, we assessed significance by generating null distributions from 10,000 coalescent simulations of a neutrally evolving equilibrium model. CytB, COI, and D-loop were used in these analyses separately. Second, we tested the pairwise mismatch distribution for the signature of the demographic expansion using the concatenated dataset of the four DNA fragments. A unimodal mismatch distribution is apparent when the population experiences a sudden expansion. In contrast, multimodal and ragged mismatch distributions are indicative of a stable or contracting population. These analyses were conducted in Arlequin 3.1[@b98].

Moreover, we explored the demographic history of major genetic lineages using extended Bayesian skyline plots (EBSPs), which were implemented in Beast 1.8.2[@b99]. The concatenated dataset of four DNA fragments was used. For the divergence rate of mitochondrial DNA and nuclear DNA in small mammals, most studies revealed values ranging from 5% to 1%[@b51][@b100]. Our previous study showed that the time of the split of the genus *Niviventer* from other rat genera was approximately 7.44 Mya[@b36]. The substitution rate of the genus *Niviventer* following Pesole *et al*.[@b101] was estimated using V = K/2T (K is the sequence divergence for each pair of species group, and T is the divergence time), indicating rates of 2.40%, 1.04%, 1.96% and 0.56% (per Mya) for CytB, COI, D-loop and IRBP, respectively. A strict molecular clock model was used with substitution models, clock models and trees unlinked for mitochondrial and nuclear DNA fragments. For all lineages, analyses were executed for 10 million generations, sampling every 1000 steps and discarding the first 25% of the results as burn-in. We performed each analysis twice to test the convergence of the results. For all analyses, the effective sample size of all parameters exceeded 200.

Dating the divergence time of genetic lineages
----------------------------------------------

The divergence time among major lineages within the species complex *N. andersoni* was determined using Bayesian MCMC dating. We appended new data generated in the present study with those of a previous study[@b36] and dated their interspecific and intraspecific divergence times using fossil calibration points. Two fossil calibrations were used: (1) the split of basal Murinae (12 Mya)[@b102][@b103], as this date is frequently used as a fossil calibration point in dating the divergence of mammals, and (2) the divergence of *Apodemus* (10.4 Mya)[@b104]. The earliest fossils of the NASC were dated at approximately 1.8 Mya[@b54]. Nevertheless, there is distinct sample bias of fossil sites in south-western China; specifically, Sichuan, Yunnan and Tibet remain poorly explored; therefore, we did not use this date in calibration. This analysis was conducted in a parallel version of Beast 1.8.2[@b105]. The Yule speciation model was used. The first 25% of the trees in each run was discarded as the burn-in phase. Trees were summarized in TreeAnnotator 2.1.2[@b106], and the effective sample sizes of parameters were checked with Tracer v1.5[@b93].

Morphological analysis
----------------------

Due to the lack of comprehensive systematic studies, a large number of museum collections of the NASC in China were misidentified, which prevented the use of all of these data in ecological niche modelling. We calculated the mean values based on general measurements of voucher specimens included in the present study. These measurements included values of body weight (BW), head and body length (HBL), tail length (TL), hind foot length (HFL) and ear length (EL). Infants and sub-adults were excluded in the present study. By using these values and skin and skull morphology, we identified and filtered the museum collection records of the NASC. Only these records confirmed in the present study were included in the subsequent ecological niche modelling.

Ecological niche modelling and analyses
---------------------------------------

The distribution of the confirmed museum collection records and molecular voucher specimens ([Fig. 1](#f1){ref-type="fig"}) was used to predict the potential range of the NASC in different periods using maximum entropy modelling[@b107]. The geographic coordinates for each locality were obtained from the original databases, from the original records in the literature, or from Google Earth (<http://www.google.com/earth/index.html>). To visualize the effects of global climate change on the change in the range of the NASC, we reconstructed its historical (including LIG, LGM and mid-Holocene), current and future distributions. The original climate data of four periods (LGM, middle Holocene, current and future) were downloaded from the WorldClim database (<http://worldclim.org>) at 2.5-min resolution. The climate data of LIG were resampled to the same cell size as that of the other four datasets. These data included 19 standard bioclimatic parameters commonly used in ecological niche modelling. The occurrences of *N. excelsior, N. andersoni* and both species were used separately in modelling.

Primary analyses that included all 19 parameters and eight parameters (Bio 2, 4, 10, 11, 15, 17, 18, 19 by excluding the parameters that showed high autocorrelations) resulted in very similar patterns. Here, we used 19 parameters to ensure that our methods were comparable with those of most previous studies. We extracted these bioclimatic data in the regions of interest by defining a rectangle (N 0--45°, E 80--125°). Seventy-five percent of the occurrence data was randomly selected to construct models, and the remaining twenty-five percent was used to test the model. The number of maximum interactions was set to 2000. The probability of suitable environmental conditions for the species was quantified by values from 0 to 1 in each grid cell. The performance of the models was verified by averaging areas under the receiver operating characteristic curves (AUC) and the binomial probabilities over 10 replicate runs.

To investigate the elevation and range shifts of the NASC, we selected the minimum training presence logistic threshold (MTPLT) to reclassify the values of raster files: values lower than the MTPLT were classified as "0", indicating an absence area, whereas values higher than the MTPLT were classified as "1", suggesting a presence area[@b108]. The presence of *N. excelsior* and *N. andersoni* in the LIG and current time were mapped on the LGM and future separately to illustrate the range shifts that occurred in the different periods. The areas of presence were calculated separately for each of the five historical periods. Moreover, we assumed that the elevation of the HDM did not change through the late Quaternary and then extracted the elevations of the presence area in each of the five periods. We also extracted the values of mean annual temperature (MAT, Bio1) and precipitation (MAP, Bio12) within the presence area to quantify climatic changes in different periods. These analyses were performed using the ArcGIS \[9.0\] (ESRI, Redlands, CA) platform, installed at the Chinese Ecosystem Research Network, Institute of Botany, Chinese Academy of Sciences.
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![Distribution of the NASC as revealed by fossils, museum collections and molecular voucher specimens.\
Dots show fossil occurrences dating to different periods (represented by colour differences), blue pentagons show the locations of museum collections, and green squares show the locations of molecular voucher specimens. The presence data were mapped on the world topographic layer in ArcGis \[9.0\] (<http://www.esri.com/software/arcgis/arcgis-for-desktop>).](srep46127-f1){#f1}

![Phylogenetic structure of the NASC inferred from molecular data.\
(**A**) The profile of *N. andersoni* in the wild, photographed by D. Y. G., in Wolong, Sichuan (E 109.20, N 30.80). (**B**) Bayesian tree of the NASC inferred from the concatenated dataset of four DNA fragments. (**C**) Geographic distribution of five genetic lineages. The background of the map is classified by the values of the current altitude layer that is publicly available from Worldclim (<http://www.worldclim.org/>) and generated in ArcGIS \[9.0\] (<http://www.esri.com/software/arcgis/arcgis-for-desktop>). Major rivers within this region were drawn on the map in blue. Proportions of different genetic lineages at each sample site are given in different colors: yellow for lineage 1, red for lineage 2, blue for lineage 3, green for lineage 4 and purple for lineage 5. (**D**) Haplotype network inferred from CytB. (**E**) Haplotype network inferred from the phased sequences of IRBP. The size of cycles corresponds to the frequencies of different haplotypes, and the number of mutations is shown as links among different haplotypes. The colour of each genetic lineage (**C**,**D**,**E**) corresponds to the colours of the Bayesian tree (**B**). Small white circles represent haplotypes missing from the dataset.](srep46127-f2){#f2}

![Divergence time of the NASC.Blue bars show the 95% confidence interval of divergence time at each node.\
Clades a and b correspond to *N. excelsior* and *N. andersoni* respectively. Arabic numbers correspond to the same genetic lineages in [Fig. 1](#f1){ref-type="fig"}.](srep46127-f3){#f3}

![Demographic dynamics of the NASC inferred from mismatch distribution and the extended Bayesian skyline plots.\
(**A--E**) Mismatch distribution. (**F--J**) Extended Bayesian skyline plots. The demographic dynamics of *N. andersoni* are classified by different genetic lineages (**C**,**D**,**E**,**H**,**I**,**J**), corresponding to lineages 3, 4 and 5 in the Bayesian tree ([Fig. 2B](#f2){ref-type="fig"}).](srep46127-f4){#f4}

![Ecological niche modelling of the NASC using 19 bioclimatic variables.\
The predicted potential distribution reclassified by MTPLT are given in different colors. The predicted potential distribution in different historical periods are mapped on the world topographic layer in ArcGis \[9.0\] (<http://www.esri.com/software/arcgis/arcgis-for-desktop>).](srep46127-f5){#f5}

###### Genetic diversity, neutral test and statistical results for the test of mismatch distribution based on mitochondrial DNA.

                                      N     H     Hd      Pi     Tajima' D   Fu' F      SSD     Raggedness Index
  ------------------------ -------- ----- ----- ------- ------- ----------- -------- --------- ------------------
  ***N**. **excelsior***     CytB    17    12    0.956   0.013    0.0137     0.125     0.028         0.038
                             COI     11     7    0.873   0.017    −1.365     4.669     0.047         0.073
                            D-loop    4     4    1.000   0.037       0       1.494     0.125         0.333
  Lineage 1                  CytB    11     7    0.909   0.003    −0.450     −1.126    0.025         0.062
                             COI      5     5    1.000   0.025    −1.362     −1.132    0.093         0.220
                            D-loop    3     3    1.000   0.025       0       1.494     0.299         0.667
  Lineage 2                  CytB     6     5    0.933   0.008    −0.543     0.606     0.086         0.191
                             COI      6     3    0.600   0.001     0.160     0.984     0.107         0.204
                            D-loop   ---   ---    ---     ---       ---       ---       ---           ---
  ***N**. **andersoni***     CytB    73    34    0.967   0.021    −1.127     0.560     0.007         0.004
                             COI     57    10    0.850   0.009     0.285     −2.122    0.011         0.015
                            D-loop   48    18    0.915   0.031     1.442     3.465    0.028\*       0.031\*
  Lineage 3                  CytB    31    18    0.959   0.021    −1.094     1.345     0.697         0.010
                             COI     20     5    0.668   0.003    −0.381      4.07     0.056         0.130
                            D-loop   15     8    0.790   0.018    −0.269     1.743     0.056         0.076
  Lineage 4                  CytB    13     6    0.641   0.003    −1.396     2.943     0.081         0.134
                             COI     11     2    0.182   0.002   −1.969\*    4.128     0.114         0.204
                            D-loop   10     2    0.533   0.001     1.302     1.029     0.030         0.289
  Lineage 5                  CytB    29    10    0.901   0.003    −1.158     −1.264   0.101\*        0.045
                             COI     26     5    0.662   0.002     3.854     −0.911    0.009         0.962
                            D-loop   23     8    0.791   0.004    −0.637     −1.272    0.061         0.213

###### Morphological divergence between two genetic lineages.

  Groups                              BW              HBL               TL             HFL             EL
  ---------------------------- ---------------- ---------------- ---------------- -------------- --------------
  Holotype of *N. excelsior*                     **178** (148?)      **193**          **30**         **23**
  *N. excelsior*                  67 ± 13.64     133.14 ± 9.788   205.57 ± 12.98   30.71 ± 2.05   22.71 ± 0.95
  (n = 7)                          (56\~95)        (121\~145)       (185\~221)       (28\~33)       (22--24)
  Holotype of *N. andersoni*                        **164**          **248**          **37**      **26**.**5**
  *N. andersoni*                132.71 ± 27.20   170.58 ± 16.38   235.56 ± 16.97   34.42 ± 1.59   22.71 ± 0.95
  (n = 31)                       (88.1\~182)       (136\~201)       (203\~272)       (30\~37)       (24\~30)

###### Range shifts and environmental conditions in the predicted habitats of the NASC.

  Periods                                  *N. excelsior*      *N. andersoni*            All
  -------------------------------------- ------------------- ------------------- -------------------
  **Area** (**10**, **000 Km**^**2**^)                                           
  LIG                                           50.64              115.15              125.31
  LGM                                          119.57               90.99              110.53
  Mid Holocene                                 112.94               89.62              115.47
  Current                                      124.05               88.80              127.51
  Future                                        66.91               77.72              113.47
  **Elevation** (**m**)                                                          
  LIG                                     3096.55 ± 1205.10   2792.11 ± 1457.74   2825.51 ± 1461.47
  LGM                                     2927.75 ± 1499.22   2679.52 ± 1318.84   2813.62 ± 1438.49
  Mid Holocene                            2931.22 ± 1500.08   2752.24 ± 1307.38   2846.92 ± 1428.91
  Current                                 2937.43 ± 1515.78   2790.75 ± 1351.34   2826.66 ± 1464.56
  Future                                  3424.25 ± 1200.84   2894.67 ± 1257.17   2790.72 ± 1454.77
  **MAT** (**Bio1**, **°C**)                                                     
  LIG                                        2.89 ± 6.75         4.12 ± 7.79         4.74 ± 8.30
  LGM                                        2.30 ± 7.60         3.24 ± 6.82         3.19 ± 7.90
  Mid Holocene                               5.30 ± 7.08         7.20 ± 6.84         6.38 ± 7.33
  Current                                    6.85 ± 7.34         7.34 ± 6.71         7.47 ± 7.41
  Future                                     8.96 ± 6.25        11.70 ± 6.56        11.24 ± 7.12
  **MAP** (**Bio12**, **mm**)                                                    
  LIG                                      759.72 ± 326.80    1010.66 ± 525.34    1106.04 ± 602.17
  LGM                                     1464.22 ± 902.56    1058.72 ± 451.10    1192.30 ± 566.45
  Mid Holocene                            1558.66 ± 893.01    1135.06 ± 491.29    1355.02 ± 643.90
  Current                                 1380.52 ± 744.99    1149.04 ± 471.92      1357 ± 655.79
  Future                                  1555.66 ± 856.37    1180.09 ± 454.79    1327.10 ± 602.12

MAT, mean annual temperature; MAP, mean annual precipitation.

[^1]: These authors contributed equally to this work.
